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Foreword 

This  final  report  was  prepared  by  the  Institut 
fttr  Hochtemperaturfors chung,  Technische  Hochschule  Stutt¬ 
gart,  Germany  on  extract  AF  61  (052)-590  for  the  Aero¬ 
nautical  Research  Laboratories,  Office  of  Aerospace  Re- 
earch,  United  States  Air  Force.  The  work  reported  herein 
was  accomplished  under  the  technical  cognizance  of  Ur. 

Rolf  Aamamn,  Branch  Chief  and  Ur.  W.G.  Braun,  Project 
*Bslentist  of  the  Plasma  Physics  Branch  of  ARL. 

The  investigations  consist  of 

1 )  production  of  plasmas 

2)  diagnostics  of  discharges 

3)  calculations  of  the  hsatlag  process  and 
stability  problems 

The  authors  gratefully  acknowledge  the  help  of 
Ur.  W.  Bez,  who  directed  the  fundaaentals  of  the  scien¬ 
tific  work  reported  here  before  leaving  for  15  months 
to  ARL.  Uipl.Ing.  K.  SchreitmUller  and  Dipl.lng.  H.H. 

Maier  have  performed  the  technical  equipment  and  short  time 
diagnostics.  M.  Kling  has  spent  much  effort  in  ecnstrmotlng 
a  vacuum  sluice  for  the  vaouum  spectrograph. 


Abstract 


Experiments  were  conducted  to  study  the  problem  of 
heating  and  stability  of  pulsed  discharges.  In  order  to 
have  reproducible  conditions  and  defined  geometry  a  pre¬ 
discharge  representing  a  highly  ionized  plasma  was  used 
and  described.  Then,  the  basic  equations  for  the  heating 
process  which  were  developed  in  our  institute  and  the  main 
features  of  a  model  which  allows  to  apply  them  to  a  cylin¬ 
drical  discharge  are  summarized. 

The  impulse  discharge  is  described  in  nitrogen  as  well 
as  in  hydrogen.  As  there  is  a  quasi-stability  in  nitrogen 
but  not  in  hydrogen  -  in  accordance  with  theory  -  the  experi¬ 
mental  investigation  of  the  nitrogen  discharge  gives  definite 
results.  The  maximum  temperature  reached  is  about  80  000  °K. 

The  main  task  is  the  development  of  diagnostic  tools 
for  investigation  of  short  time  phenomena  in  dense  plasmas. 

In  this  field,  suitable  magnetic  probes  of  very  small 
dimensions  were  developed.  In  addition,  an  apparatus  was 
constructed  which  allowed  to  shoot  the  probes  into  the  dis¬ 
charge  channel.  The  possible  disturbance  of  the  plasma  chan¬ 
nel  was  carefully  studied.  We  succeeded  in  getting  temperature 
and  current  profiles  of  this  discharge  as  well  as  precise  fi¬ 
gures  of  the  development  with  time. 

Another  diagnostic  method  is  short  time  spectroscopy. 

We  used  the  visible  region  as  well  as  the  UV  and  the  vacuum 
UV.  The  results  of  the  visible  and  UV-spectroscopy  agree  with 
the  probe  data.  Our  efforts  for  gaining  even  more  information 
by  vacuum  spectroscopy  are  still  engaged  with  the  development 
of  the  experimental  procedure,  which  is  described  in  principle. 

Concerning  hydrogen  heating,  the  discharge  is  highly  in¬ 
stable.  The  reasons  for  this  relatively  to  nitrogen  are  re¬ 
vealed  by  theory.  We  discuss  in  which  way  the  discharge  con¬ 
ditions  should  be  altered  to  get  a  quasi  stable  heating  process 
which  will  give  about  several  hundred  thousand  degress. 
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I*  Introduction  and  Survey 

The  highest  temperatures  which  could  be  achieved 
stationary  so  far  by  aeana  of  suitable  arcs  amount  to 
50  000  °K.  In  theory,  the  plasmas  of  these  arcs  repre¬ 
sent  a  quasi-thermodynamio  equilibrium  of  the  matter* 

It  is  possible  that,  for  short  times,  somewhat  higher 
eleotron  temperatures  were  obtained  in  spark  discharges. 
But  in  this  oase  there  exists  no  longer  a  thermodynamic 
equilibrium*  The  ion  temperatures  are  considerably  lower. 
The  reoent  plasma  research  aims  at  extremely  high  tem¬ 
peratures,  such  as  10®  °K  for  the  ion  component.  But 
there  are  many  experimental  di/ficulties  which  are  opposed 
to  this.  Nevertheless,  the  temperatures  which  could  be 
achieved  so  far  provide  a  chance  to  realize  the  direct 
conversion  of  thermal  energy  into  electric  energy  with 
good  efficiency*  In  these  efforts, the  properties  of  flow¬ 
ing  plasmas  in  electric  and  magnetic  fields  must  be  well 
known*  One  of  the  most  fundamental  problems  in  all  future 
developments  is  the  Ohmic  heating  process.  Studying  it 
without  considering  any  application  means  to  provide 
physicists  and  engineers  with  the  highly  elementary  and 
most  important  knowledge  on  the  characteristic  interaction 
between  electrons  and  ions  in  the  electric  and  magnetic 
field,  the  energy  balanoe,  the  stability  as  well  as  the 
ms  pis  tie  confinement  of  the  plasmas. 
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The  following  work  provide*  a  comprehensive  des¬ 
cription  of  our  investigations  on  the  Ohmic  heating. 
Experimentally,  they  are  based  on  a  high  current  im¬ 
pulse  discharge  over  a  gas  vortex  stabilized  high  tem¬ 
perature  arc  in  nitrogen  and  hydrogen  atmosphere.  The 
theory  deals  with  a  channel  model  which  corresponds  to 
the  experiment.  The  transmission  of  the  energy  obtained 
in  the  electric  field  to  thermal  motion  due  to  scatter¬ 
ing  ie  studied |  possible  energy  losses  are  considered. 

This  mechanism  determines  the  radius  of  the  current 
carrying  plasma  channel  and  thus  the  magnetic  compression. 
The  ratio  of  this  compression  to  the  gas-kinetic  pressure 
decides  on  the  stability  of  the  discharge. 

The  stable  and  quasi-stable  discharges  are  measured 
by  means  of  magnetic  probes.  Their  production  and  arrange¬ 
ment  in  the  hot  discharge  channel  by  means  of  a  "probe  gun" 
is  described.  With  the  aid  of  the  probes  the  radial  current 
and  temperature  profiles  of  impulse  discharges  in  nitrogen 
are  determined.  Moreover ,  the  heating  of  the  plasma  channel 
can  be  observed  with  time.  The  probe  measurements  well 
agree  with  epectrosooplo  measurements  in  the  visible  and 
UV-ranges.  In  addition  they  allow  a  profound  discussion 
of  the  heating  mechanism  and  radiation  transport  from  the 
center  of  the  discharge  to  the  boundary  region,  being 
connected  with  the  creation  of  charge  oarriers  and  en¬ 
larging  the  discharge  ohanael. 


Furthermore  we  tried  to  develop  another  method 
providing  information  about  the  behaviour  of  high  tem¬ 
perature  plasmas.  For  this  purpose ,  a  vacuum  spectro¬ 
graph  was  used.  So  far  it  has  not  yet  been  possible  to 
carry  out  reproducible  measurements  of  stationary  arcs 
and  impulse  discharges  by  means  of  the  vacuum  spectrograph. 
As  this  technique  is  still  rather  undeveloped,  we  first 
had  to  carry  out  an  analysis  of  the  lines  suitable  for 
spectroscopic  measurements  and  then  to  develop m  appa¬ 
ratus  with  different  steps  for  the  transition  from  the 
dense  medium  of  the  discharge  to  the  vacuum  of  the  spectro¬ 
graph.  The  progress  of  this  is  described. 

Most  of  the  transient  discharges  with  high  current 
densities  are  in  principle  unstable.  The  instabilities 
have  a  characteristic  developing  time  in  which  they  appear. 
This  time  mainly  depends  on  the  viscosity  of  the  plasma 
and  the  transition  to  the  cold  rotating  outer  gas.  It  can 
be  longer  or  shorter  than  the  time  of  a  halfwave  of  the 
condenser  discharge.  In  the  first  case  a  quasi-stability  is 
the  result.  This  applies  to  our  nitrogen  discharges,  while 
the  impulses  in  hydrogen  prove  to  be  strongly  unstable. 

The  calculations  show  in  which  direction  the  discharge 
conditions  should  be  altered  in  order  to  obtain  hers 
quasi-stable  discharges. 

The  observation  of  the  instabilities  is  based  on  image 
converter  information  as  well  as  on  fotating  mirror  tech¬ 
nique  and  framing  oansra  pictures.  The  instability  is  con- 


-  8  - 


firmed  by  all  methods.  However,  1a  detail  the  statementa 
are  different.  This  suggests  the  assumption  that  the 
image  oonverter  photographs  depend  on  the  frequency  in 
an  unknown  way.  Systematic  investigations  along  these 
linos  would  bo  highly  desirable. 
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II.  The  Ohmic  Heat ins  Propose 

1.  Frs-dlsoharge  in  nitrogen  and  hydrogen 

la  theory  and  experiment  we  wieh  to  have  a  starting 
point  as  clear  ae  possible.  In  the  heating  proceso,  this 
mans  that  electrons  and  ions  should  be  present  when  acce¬ 
leration  of  partioles  begins.  Therefore,  we  start  froa  a 
highly  pre-ionized  discharge  channel.  In  addition  we  fix 
the  discharge  gap  for  the  following  impulse  discharge  by 
means  of  the  pre-ionized  channel.  The  pre-ionized  channel 
is  represented  by  an  arc  which  by  means  of  a  gas  vortex 
is  narrowed  and  stabilized,  its  temperature  is  rather  high. 

The  gas  vortex  prevents  the  lift  of  the  discharge  channel 
which  is  usually  observed.  The  axis  temperature  of  the  dis¬ 
charge  channel  in  nitrogen  is  about  12  000  °K,  in  hydrogen 
above  20  000  °K.  Fig.  1  shows  a  cross  section  through  our 
experimental  arrangement.  It  had  to  fulfill  very  high 
thermal  and  mechanic  conditions  over  several  minutes.  The 
cooling  was  the  main  problem.  Fig.  2  shows  a  characteristic 
photograph  of  the  vortex  stabilized  arc.  In  case  of  black- 
white  photography  it  is  the  same  for  nitrogen  and  hydrogen. 

The  electrode  distance  and  chamber  diameter  are  3  cm  each. 

The  diameter  of  the  discharge  channel  is  between  2  and  3  mm, 
the  pressure  amounts  to  about  1  at.  The  experimental  arran¬ 
gement  was  used  for  both  nitrogen  and  hydrogen  dleehargee. 

For  nitrogen  the  arc  channel  is  stable,  which  could  be 

proved  by  Fhstas  camera  photographs  (0  000  images  per  seooni). 
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It  is  described  in  more  detail  by  K.H.  Hooker  and  W.  Kluge 
(1959).* Our  theoretical  stability  investigations,  carried 
out  by  H.E.  Wilhelm  (1962)  confirm  this  result.  In  the 
case  of  hydrogen  the  Pas tax  camera  photographs  show  fluc¬ 
tuations  around  the  zero  adjustment,  their  frequency  being 
about  1  K.c.  (E.  Pfender  and  W.  Bez,  1961.  E.  Pfender,  1962). 

The  investigation  of  the  radial  temperature  distribution 
of  the  discharge  channel  was  first  done  by  means  of  spectros¬ 
copic  measurements.  Pig.  3  and  4  show  the  radial  temperature 
distribution  for  two  gas  flow  rates.  In  the  case  of  the  ni¬ 
trogen  arc  the  radial  temperature  distribution  was  estima¬ 
ted  by  means  of  the  band  spectra,  atom  and  ion  spectral 
lines,  varying  with  the  radius.  In  addition,  this  was  con¬ 
trolled  with  the  aid  of  another  method  ( Inglis-Teller) 

consisting  of  an  admixture  of  hydrogen.  H^-,  Hg-  and  Hf- 
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lines  appear.  This  yields  an  electron  density  of  5*10  cm  , 
which  at  a  pressure  of  4  at  corresponds  to  an  ionization 
degree  of  20  %  and  the  already  mentioned  axis  temperature 
of  about  12  000  °K  (Mailhnder,  1961). 

The  temperature  of  the  hydrogen  arc  was  determined  from 
the  broadening  of  the  H  -  lines  and  the  absolute  measure¬ 
ment  of  the  Balmer  continuum.  In  addition  to  the  Inglis 
Teller  approximation  was  applied:  Hydrogen  lines  up  to  Hj 
could  be  observed.  This  yields  an  axis  temperature  above 
20  000  °K  (R.  Schneider,  1961  c).  This  value  includes 
an  integration  over  the  f luotuations . 
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2.  Basic  Equations  for  the  Heating  Process. 

In  order  to  provide  a  consequent  calculation  of  the 
particles  energy  in  our  discharge,  H.J.  Kaeppeler  (1958) 
and  Sahrade,  Bez,  Kaeppeler,  Hacker  (i960)  have  extended 
the  13  moments  approximation  of  the  Boltzmann  equation 
first  derived  by  H.  Grad  (1949) •  They  are  valid  for  each 
individual  component  of  the  plasna  and  read  in  a  form  in¬ 
cluding  magnetic  interaction: 

a)  conservation  law  for  the  naae  density?  ,  continuity 
equation: 

£f‘*  -h-  )•{*?.  L 


b)  Conservation  law  for  the  iapulee  density  ia,  equation 
of  motion: 


c)  Conservation  law  for  the  thermal  energy  denaity 
u  =  eg  T  ,  thermal  energy  equation: 

8  B 


m**'* £?(**"*)*&■  f**  <5> 


Here  or,  is  the  mean  mass  velocity  of  the  component  s, 

F  the  pressure  tensor  and  5*  the  heat  transfer  vector 

•  .  1  ® 

of  this  component  tJ  is  the  expression  for  the  ohangs 
of  §  whioh  is  oaused  by  oollisions. 
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I*.  and  "q*  Bust  be  calculated  as  function  of  n  .  v*,  T  , 
the  gradient  of  these  and  the  field  quantities.  Hirsoh- 
felder  and  others  (1953)  have  dealt  with  the  problem  for 
non- ionized  gases.  Several  authors,  among  then  ourselves* 
extended  it  to  plasmas,  inoluding  strong  eleotrlo  ami  magne¬ 
tic  fields  (details  of.  H.  Sehrade,  1963). 


The  expression  in  parenthesis  on  the  right  of  the  equa¬ 
tions  (1-3)  are  called  collision  integrals  and  represent  the 
interaction  of  the  individual  components.  The  bracket 
expression  in  the  continuity  equation  considers  the  cha  nge 
of  the  mass  density  of  the  component  s,  which  is  due  to 
reaction  collisions.  Taking  into  account  the  photoionization, 
the  photorecombination,  the  collision  ionization  and  the 
triple  collision  recombination/  the  oollislon  integral  for 
the  ionization  degree  i  is: 


f  f 

*«  %.-■*  *<■«  v 

n#»  are  the  electron  and  ion  densities  a,i/*a,i^ 
with  the  following  reaction  coefficients: 


***** 

for 

the 

photoionizations , 

for 

the 

photorecombinations, 

for 

the 

collision  ionizations 

fi,i- f 

%L44,t 

for 

the 

triple  collision  re- 

combinations. 


They  are  mainly  funotions  of  the  electron  temperature 
and  ionisation  energy.  The  photoionization  ooeffloient 
in  addition  depends  on  the  radiation  intensity  and  thus 
represents  the  interaction  between  radiation  field  and 
particle.  The  reaotlon  coefficients  are  caloulatsd  from 
the  formulas  of  Elwert  (1952)  and  Knorr  (1958). 


If  the  temperature  is  changed  quiokly,  the  numbers  of 
ionizations  and  recombinations  will  be  different  from 
each  other.  The  particle  composition  does  no  longer  re¬ 
sult  from  the  equilibrium  conditions ,  as  do  the  Saha- 
equation  and  Korona-condition,  but  must  be  oaloulated 
exactly  from  equation  (4).  If  i  «  0,  that  means  if  we  con¬ 
sider  neutral  particles  and  their  interactions  with  elec¬ 
trons  and  ions*  we  get 


An. 

M 

He 


*nPot<  +  (5) 

A 


The  right  hand  side  of  this  equation  may  be  defined  as 
the  reciprocal  relaxation*^  ReaJct.  If  the  above  equation 
is  applied  on  our  experiments  (n0  ■  10  on  ,  n.j/n0  *  10'  , 

T  *  10  000  °K,  heating  the  eleotrons  up  to  40  000  °K),  we 
obtain Tq  Rea]ct^r  10"7  a.  This  onn  not  be  neglected  eon- 
pared  to  the  heating  tine. 


The  collision  Integral  in  the  equation  of  motion  has  the 
dimension  of  a  force  per  unit  volume  and  can  be  regarded  as 
a  friotlonal  force  density,  issuing  that  in  the  elec  trio 
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field  ions  and  electron#  penetrate  eaoh  other,  both  gases 
are  moderated  by  mutual  oolllalona.  This  behaviour  is  des- 
eribed  by  a  friotional  force  being  defined  by  the  mean  loaa 
of  impetua  per  oolliaion  multiplied  with  the  number  of 
oolliaiona  per  a  and  om^t 


*Td*id  53 


(6) 


The  mean  thermal  electron  velocity  being  muoh  larger  than 
the  mean  diffusion  velocity,  the  oolliaion  Integral  is  cal¬ 
culated  aa  follows 

^  ~v*)  (7) 

with 


Q#^ie  the  elastic  scattering  orosa  section  between  elec¬ 
trons  and  partiolea  of  the  kind  V ;  V  •  i  ie  the  areas 
seotion  for  electron  ion-oollieions 


•)  The  above  requirement  corresponds  to  the  usual  requirements 
of  thermal  plasmas.  If  this  condition  is  not  fulfilled, 
we  get  two-stream  instabilities.  E.A.  Jackson  (I960)  sad 
D.A.  Tidmam  (1961). 
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The  colliaion  Integral  in  the  •never  equation  of  elec¬ 
trons  lot 


if ia  the  electric  conductivity 


/  • 

If?  V* «We  '  L*^ 


(11) 


J  ia  the  current  density,  a  the  radiation  loaa 

C  C* 

per  cm'*  and  foy**  the  ionisation  energy. 


The  firat  term  in  (10)  repreaenta  the  Joule  heat,  the 
aeoond  the  heat  exchange  between  eleotrona  and  the  other 
oomponenta  of  the  plaana.  The  third  tern  oonaidera  the 
reaotion  loaaea.  In  the  oaaa  of  the  Saha-equllibrlum  it 

would  dieappear.  The  last  tern  8  le  the  nadlation  laaaf 

which  ia  calculated  below. 


Analofueuo  to  (10)  the  collision  integral  for  lone  and  atone 
le 


7!)(1,) 


The  term  which  Is  analogue  to  is  very  snail  and 

neglected  from  the  beginning.  This  means  that  In  an 
els otr leal  field  primarily  the  electron  component  Is 
heated.  In  thermal  state  the  energy  passes  from  the 
electrons  to  the  other  components.  The  second  term 
■sans  the  possible  energy  exohange  between  heavy  particles 
which  praotloally  earn  be  as  glee ted. 

How  we  calculate  the  emission  of  radiation  S.  The  total 
energy  whloh  the  electron  gas  transfers  to  the  radiation 
field  per  s  and  cm5  is 

^(1„ 

-A- 

Here  the  emission  ooeffloient  and  the  absorption  co¬ 
efficient]^  are  properties  of  matter  at  point *r* and  time  t, 
i.e.  functions  of  the  particle  states.  They  depend  on  den¬ 
sity,  temperature  and  kind  of  plasma,  while  the  radiation 
intensity  Iy  «  Iy Jj(t )  results  from  the  radiation  trans¬ 
port  equation  (  If  ■  total  scattering  ooeffloient) t 

Jl&iju  s  -  */*)  +  ijv) 
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The  scattering*  -TL  — *  — TL  are  losses ,  while  the  soatter- 
ings -It.' — *  -fl-  means  increases.  Eq.  (14)  is  especially 
of  interest  in  astrophysics*  Ksrt  it  is  only  eoaeidered 
in  plane  geonetry. 

In  general  the  calculation  of  the  intensity  gets  very 
extensive.  Therefore,  we  assuae  looal  radiation  equili¬ 
brium,  grey  radiation  and  in  addition  negleot  the  scatter¬ 
ing  coefficient.  In  the  oase  of  an  optically  thin  plasma 
it  is  possible  to  negleot  absorption.  Thus  the  radiation 
loss  per  om  and  e  results  directly  from  the  emission  co¬ 
efficient.  Whether  suoh  a  plasma  is  realized  depends  on 
the  optical  thickness  of  layer  3f.  rQ  which  must  be  much 
smaller  than  unity  (r^»  radius  of  plasma  ohannel).  Our 
nitrogen  plasmas  do  not  fulfill  this  condition,  the 
hydrogen  plasmas  however  do. 

The  equations  (l  -  J>)  just  discussed  will  now  be  applied 
to  the  heating  experiment  described  in  the  following. 
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3.  Impulse  Discharge  la  lAtnoasn. 

3A.  Electrical  Data 

For  the  heating  of  the  plasma  condenser  banks  are  used, 
their  data  lying  between  the  values  given  in  table  1 . 
The  detailed  experimental  arrangement  is  described  by 
Kluge-Hbcker  (I960). 


Table  1 . 


Data  of  condenser  banka 


Capacity 

c 

•  7,7/uF 

38,5/uF 

Voltage 

u 

*  18  kV 

Maximum  current 

*max 

=  50  kA 

120  kA 

Current  rise 

dl/dtj 

B 

II 

• 

o 

o 

\ 

■ 

1 , 5* 101 

Rise  time  up  to 
first  current  max. 

»  1,5/us 

i/US 

A/e 


Fig.  6  shows  a  characteristic  current-voltage  diagram  of 
the  impulse  discharge.  The  heating  process  is  finished  be¬ 
fore  the  current  maximum  is  reached.  In  order  to  keep  the  in¬ 
fluence  of  the  mechanisms  which  transport  the  energy  out  of 
the  plasma,  as  small  as  possible,  the  available  energy  must 
be  pumped  into  the  plasma  very  quickly.  This  requires  high¬ 
ly  developed  short  time  measurements  in  connection  with  photo¬ 
graphy,  spectroscopy  and  probe  techniques. 

Our  short  time  equipment  has  been  described  in  several  pub¬ 
lications  in  German:  Maier  and  others  (I960),  Schneider  and 
others  (1961),  Maissnh&lder  and  others  (1961). 
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Pig.  5  Scattering  of  an  Electron  by  a  Heavy 

Particle.  In  the  Case  of  an  iilastic 

Collision Jv^|= |vg| and  therefore  the 

Irapuls  in  Direction  of  If  after  the 

Collision  is  Given  by  "T  cos  x. 

"  e 
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Ffg6  Current  and  Voltage 
«s  a  Function  of  Time 


22 


3B.  Diagnostics  with  Magnetic  Probe a. 

Image  converter  photographs  indicated  that  the  current 
transport  takes  place  in  a  rather  limited  ohannel  (HtJcker- 
Kluge,  1959).  The  result  was  a  high  conductivity  which, 
according  to  Spitz er,  lead  to  rather  high  temperatures. 

This  was  rather  unexpected  and  it  seemed  to  be  necessary 
to  carry  through  other  diagnostic  investigation.  Probe 
measurements  promised  to  offer  most  information. 

This  method  which  has  been  developed  and  used  for  the  in¬ 
vestigation  of  low  density  plasmas,  cannot  be  transferred 
without  difficulties  to  dense  plasmas.  One  complication  is 
the  thermal  stress  on  the  probe  which  iB  caused  by  the  plas¬ 
ma.  A  probe  arranged  stationary  in  the  discharge  chamber 
is  destroyed  immediately  by  the  stationary  arc.  Moreover, 
the  geometry  of  the  arc  is  considerably  disturbed  by  flowing 
effects  which  cause  an  increase  of  pressure  in  front  of  the 
probe  tip.  Each  of  these  two  facts  make  it  doubtful  whether 
the  method  applicable  for  low  density  plasmas  can  be  trans¬ 
ferred  to  dense  plasmas  without  modification. 

In  order  to  reduce  the  thermal  stress  on  the  probe,  it  may 
remain  in  the  plasma  only  for  a  very  short  time.  This  condi¬ 
tion  was  fulfilled  by  the  following:  an  apparatus  (see  fig.  7) 
was  constructed  which  shoots  the  probe  into  the  discharge 
tube  with  a  defined  velocity,  (about  1  m/s).  At  the  same 
time,  this  method  largely  avoids  the  deflection  of  the  plas¬ 
ma  from  its  original  position. 
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In  order  to  be  able  to  uae  the  probe  for  several  measure¬ 
ments,  the  discharge  has  to  be  switched  off  immediately 
after  the  phase  which  is  of  interest.  If  this  is  not  done, 
the  probe  would  be  destroyed  by  the  thermal  stress  of  the 
stationary  arc  still  existing  after  the  transient  discharge. 

The  short-time  cut-off  of  the  arc  is  done  by  means  of  an 
electronic  switch-off  device.  A  suitable  ignitron,  which  is 
in  parallel  to  the  discharge  gap,  is  ignited  at  a  definite 
moment  and  thus  short-circuits  the  arc. 

The  magnetic  probes  (see  Fig.  8)  consist  of  copper  wire  (dia¬ 
meter  0,04  mm)  which  is  wound  on  an  insulating  core  with  a 
diameter  of  0,3  mm  (16  windings).  The  coil  is  shorter  than 
1  mm.  The  supplies  are  twisted  and  shielded.  The  total  length 
of  the  probe  is  about  77  mm.  The  noise  could  be  kept  down 
below  noticeable  values.  The  frequency  characteristic  is 
linear  up  to  at  least  17  M.o,  the  resonance  frequency  is 
35  M.c. 

These  measurements  show  the  probably  simplest  but  most  effective 
application  of  the  probe  method.  The  magnetic  probe  is  being 
shot  into  the  discharge  tube  perpendicular  to  its  axis. 

The  coil  measures  the  change  of  the  field  generated  by 
the  current  itself  as  a  function  of  time.  The  discharge  is 
ignited  several  times  and  the  voltage  signal  of  the  probe 
is  taken  from  the  screen  of  a  oscillograph.  According  to  the 
induction  law  the  oscillogram  obtained  yields  the  varia¬ 

tion  at  the  point  where  the  probe  is  located. 
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Than  tha  proba  la  brought  to  another  (radial)  point  and  the 
process  repeated,  until  there  exist  complete  curves  for  the 
•^©/^fields  between  wall  and  axis.  After  integration, 
curves  .Bg (r)  can  be  constructed.  The  further  application 
of  these  B^(r)  curves  for  the  determination  of  currents 
and  current  densities  is  based  on  the  assumption  that  the 
field  distribution  is  cylinder-symmetric.  The  correctness 
of  this  assumption  was  confirmed  by  means  of  several  probes 
with  different  orientation. 

Using  the  mentioned  symmetry  condition,  the  first  Maxwell 
equation  yields  by  differentiation: 

7i>T V£r6-S.)  >'» 

where  *  current  density  parallel  to  the  axis  of  the  .dis¬ 
charge  tube  (s-directlon) . 


The  electric  field  strength  in  z-dlrectlon,  depending  on 
the  Ohmic  resistance  which  is  of  interest  for  our  investi¬ 


gations,  is  obtainable  from  the  second  Maxwell  equation, 
provided  that#E_/>z  ■  0  along  the  axis  of  the  discharge 
tube  and  that  the  Ohmio  resistance  of  the  leads  earn  be  neg¬ 


lected. 


_  jd_ 

sC  'dt 


& 


4  v 


(l*  length  of  the  axis,  U^Q^  «  total  voltage  between  the 
electrodes,  HQ  -  distance  between  the  return  leads  and  the 
chamber  axle). 
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The  second  tens  on  the  right  hand  side  of  the  last  equa¬ 
tion  represents  the  inductive  part  of  the  total  voltage 
between  the  electrodes  which  was  measured  by  means  of  coil 
probes.  The  determination  of  this  term  is  also  possible  by 
means  of  loop  probe  measurements.  The  results  obtained  are 
given  in  fig.  9  and  10.  Fig.  11  shows  the  variation  of  the 
first  halfwave  of  the  current  IR(t)  with  the  radius  as  para¬ 
meter.  R  means  the  distance  between  the  axis  of  the  dischar¬ 
ge  tube  and  the  probe .  The  outer  curve  gives  the  total 
current  lt  ^  which  was  measured  by  means  of  a  Rogowski  coil. 
The  behavior  of  the  plasma  channel  during  the  impulse  dis¬ 
charge  is  demonstrated  by  the  variation  of  the  current  cur¬ 
ves.  If  the  current  is  increased,  the  conducting  channel 
which  was  created  by  the  pre-discharge,  is  expanded  to  the 
range  of  larger  diameters.  This  corresponds  to  the  visible 
expansion  of  the  luminous  plasma  zone.  The  curves  for 
R  *  6  -  15  mm  show  the  same  variation.  Therefore,  it  is  ob¬ 
vious  that  during  the  first  halfwave  of  the  current  the 
channel  is  only  expanded  to  a  radius  of  6  am.  (kx  page  fl&^will 
be  shown  that  the  expansion  is  due  to  an  ionization  of  the 
outer  zone  effected’  by  the  radiation  of  the  core  of  the  dis¬ 
charge.  The  current  density  is  obtained  by  graph! o  differen¬ 
tiation  of  the  IR(t) -curve. 


<3±I*  J.  H- 
ur  jrR 


*M*2. 


(IT) 


Fig.  9  shows  the  results  for  times  t<2»10“®  s  and 
2,5*10"^  sft<4*10"®s;  fig.  10  givss  the  results  for 
tines  t>5*10~*  e.  The  ourves  in  fig.  9  mainly  represent 


26 


the  current  density  distribution  for  the  ease  of  in¬ 
creasing  currents,  in  fig.  10  for  the  case  of  decreasing 
currents  beyond  the  first  current  maximum.  It  is  obvious 
that  there  exists  a  narrow  zone  with  high  current  densi¬ 
ty  and  low  current  and  a  larger  zone  with  low  current 
density  and  higher  current.  Our  earlier  image  converter 
photographs  did  not  show  these  results.  At  early  times 
(t40,5*10“6  s)  the  current  density  shows  a  variation  which 
could  be  expected  from  the  geometry  and  the  conductivity 
profile  of  the  pre-discharge.  Later  the  current  density 
decreases  less  steep ,  e.g.  the  plasma  expands  in  direction 
of  the  radius.  Since  this  area  includes  the  optically 
visible  contact  zone  between  plasma  and  outer  gas,  it  seems 
reasonable  to  attribute  these  oocurenoes  to  the  mentioned 
expansion  mechanism. 

Pig.  12  shows  the  Ohmic  part  of  the  electric  field  strength 

which  was  determined  by  means  of  coil  probe  measurements,  and 

fig.  13  the  conductivity  resulting  from  current  density  and 

E  -field  strength  according  to  the  Ohmic  law.  The  curves 
s 

E_(t)  are  equal  to  zero  close  to  the  times  5,6,7*10”**  s. 
z 

Therefore,  the  calculations  for  these  times  are  rather  un¬ 
certain,  and  the  representation  of  the  curves  for  the  men¬ 
tioned  times  was  dropped.  Por  the  temperature  estimation  the 
relation  between  conductivity  and  temperature,  given  by 
Schrade  (1961 )  was  used.  The  results  are  represented  in  fig. 14. 
As  the  E„  curves  near  the  times  12*10”**  s  and  14*10”**  s  are 
equal  to  zero  too,  the  temperatures  for  these  times  neither 
correspond  to  the  actual  physioal  facts.  A  more  comprehensive 
description  of  method  and  results  of  probe  measurements  is 

given  by  Thlelo  ( technical  note  of  oontrsot  AP  61  (052) -560) 
(1963). 
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Fig.  6  Magnetic  Prob* 


Fig.it  Current  Density  Distribution  as  a 
Function  of  Radius  with  Time  m 
9  Parameter 

(Magnetic  Probe  Measurements) 
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Fig.12  Ohmic  Portion  of  Ez  Field  Strength 
as  a  Function  of  the  Radius  with 
Time  as  a  Parameter 

( Magnetic  Probe  Measurements) 
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?C.  Diagottiga  bg.  XgS£SC2I£ M*o  WiiMniftllit, 

a)  Apparatus. 

For  the  spectroscopio  measurements  two  prism  speotro- 
graphs  were  used,  a  PueaellO  M  with  a  natural  quarts 
prism  and  a  Zeiss-3-priems  spectrograph  with  glass 
prisms.  The  main  part  of  the  investigations  was  oarried 
out  with  the  Puess  110  M  (Fig.  15).  Its  dispersion  reaches 
from  5  X/mm  at  2000  X  up  to  50  X  at  5  000  X  (Fig.  16) 
and  the  resolving  power  from  10  ®  at  2000  X  to  4*10^  at 
5  009  X  (Fig.  17).  The  spectra  were  enlarged  (20  times) 
by  means  of  a  projector  and  then  measured.  Assuming 
that  the  error  of  the  measurement  is  l/5th  am,  the 
error  in  the  wavelength  of  a  spectral  line  near  2  000  X 
is  about  0,05  X  and  near  5  000  X  about  0,5  X. 

The  natural  quartz  prism  has  a  basic  length  of  80  as 
and  is  42  mm  high.  The  focal  length  of  the  collimator 
lens  (quartz)  is  585  mm,  its  diameter  52  mm.  The  data 
for  the  oamera  lens  arei  focal  length  655  mm,  diameter 
64  mm.  The  aperture  ratio  is  1  1  11  and  the  length  of 
the  spectrum  225  mm.  By  means  of  a  micrometer  screw  the 
entrance  slit  can  be  adjusted  to  a  width  of  1/10/u. 

By  means  of  Hartmann  diaphragms  the  height  can  be  regu¬ 
lated  from  1  to  10  mm.  The  diaphragms  makes  it  possible 
to  produce  10  different  spectra,  each  1  mm  high.  As 
spectral  plates  nPerutz  450  epee tral -blue"  wars  used. 

The  siss  of  the  plates  is  27  z  6  om. 
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Fig.  18  shows  the  path  of  light  of  the  Zeiss-5-prt 
spectrograph.  Some  of  its  data  aret 


Spectral  range  t 
3  glass  prisasi 
Collimator  lenst 
Camera  lenst 
Aperture  ratio: 
Length  of  spectral 
Sise  of  plates: 


3  600  to  10  000  % 

210  mm  basic  length*  34  mm  height 
300  mm  focal  length,  60  mm  diameter 
270  mm  focal  length,  60  mi  diameter 
1  :  5,5 
80  mm 
6  z  9  cm 


b)  Imaging  and  Adjustment  Methods 

For  the  structure  analysis  the  discharge  ohannel  was  Imaged 
on  the  entrance  slit  of  the  spectrograph.  Fig.  19  shows 
the  corresponding  path  of  light. 


The  reference  spectra  were  obtained  from  high  voltage 
sparks  between  the  electrodes  of  Al,  Cu,  Zn  and  W.  The 
calibration  was  done  with  the  aid  of  an  iron  spectrum. 

Fig.  20  shows  the  path  of  light  for  such  reference  spec- 
tra.  The  aluminium  mirror  oan  easily  be  replaced f  thus  the 
adjustment  of  the  lenses  for  the  photograph  of  the  dis¬ 
charge  is  retained. 


For  the  structure  analysis  of  the  arc  several  kinds  of 
imaging  can  be  used.  They  are  shown  in  Fig.  21.  Most  of 
the  spectra  were  photographed  side-on-across,  since  the 
diameter  of  the  discharge  first  plays  an  important  part. 
The  exposure  time  was  regulated  by  means  of  a  shutter 
(1/500  to  1  s).  It  was  opened  annually  in  the  oass  of  th# 
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stationary  aro  and  In  the  oase  of  the  Impulse  discharge 
by  means  of  an  eleotrlo  oontaot  ooupled  with  the  Igni¬ 
tion  devioe.  We  auooeeded  in  resolving  the  impulse  dis¬ 
charge  in  so  much  as  necessary  by  means  of  the  mechanio 
shutter  described  in  the  following  paragraph.  The  image 
of  the  discharge  on  the  slit  of  the  spectrograph  was 
photographed  at  the  same  time  when  the  spectral  plate 
was  being  exposed.  This  provided  an  information  about 
that  part  of  the  disoharge  that  aetually  delivered  the 
light  for  the  spectral  apparatus. 

o)  Shutter  for  8hort-tlme  Spectroscopy 

for  the  time-dependent  resolution  of  the  light  emitted  by 
the  Impulse  discharge , very  short  times  are  neoessary.  The 
current  rise  time  of  the  fastest  impulse  used  here  was 
1f5/usi  as  will  be  seen  later ,  the  maximum  temperature 
is  reached  at  0,6/us  after  ignition.  Therefore y  for  the 
time-dependent  resolution  of  this  prooesa  opening  tinea 

mn 

in  the  range  of  10  '  a  are  required. 

In  1960^11.  Schneider  and  X.  Malldnder  have  desorlbed  a 

shutter  for  short  exposure  times.  Its  principle  is  given 

in  the  following  (fig.  22)»The  shutter  has  two  disos* 

one  running  with  maximum  20  000  revolutions  per  minute » 

the  other  is  set  in  motion  in  order  to  open  the  shutter. 

It  is  stopped  after  approximately  half  a  revolution. 

Both  disos  have  slits.  The  slit  of  the  first  dlso  is  20^u 

broad.  The  slit  of  the  other  one  oan  be  changed  in  such  a 
nay  that  during  ita  open  lag  tins  the  running  di#a  performs 
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just  one  revolution.  This  guarantor  only  erne  •  ingle 
exposure . 


The  slit  of  the  first  disc  is  imaged  on  the  speotro- 
graph  slit  toy  means  of  the  achromate  A1 .  The  opening 
time  of  the  shutter  amounts  for  one  point  of  the  spectro* 
graph  slit  with  a  distance  h  from  the  optical  axis  toi 
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mOors  n  »  number  of  revolutions  of  the  first  diso  (U/mln) 
a  *»  Imaging  ratio 

r  »  distance i  axis  of  the  revolving  dise  •  optioal 
m  axis 

d1  »  Breadth  of  the  revolving  slit 

d2  *  Breadth  of  the  spectrograph  slit 


The  Ignition  of  the  discharge  has  to  be  done  at  a  defined 
moment  before  opening  the  shutter.  This  may  be  done  by 
means  of  a  path  of  light  according  to  the  dotted  line  in 
fig*  23*  The  illuminated  slit  is  imaged  by  means  of  the 
mirror  Sp3  on  the  slit  of  a  photomultiplier.  This  path  of 
light  is  adjusted  in  such  a  way  that  the  photomultiplier 
receives  a  light  impulse  shortly  before  the  slit  S1  passes 
the  optical  axis  and  by  this  exposes  the  spectrograph.  If 
the  revolution  frequency  of  the  revolving  disc  is  constant v 
the  eleotrio  signal  oomlng  from  the  photomultiplier  lies 
a  distinot  time  before  the  moment  of  the  exposure. 

The  signal  ooming  from  the  multiplier  M1  (fig.  23)  is 
amplified  by  the  amplifier  and  switches  the  ignition 
••Hoe  am.  91m  retarder  t  allows  the  regulation  of  the 
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ignition  aonent. 

In  order  to  obtain  tine  marks  for  the  photomultiplier 
impulse,  the  spark  and  the  exposure  time,  the  photo¬ 
multiplier  M2  and  the  oscillograph  are  synchronized.  The 
slit  of  the  revolving  disc  is  illuminated  by  means  of 
the  lamp  L2  and  the  light  passing  through  the  spectral 
apparatus  reaches  the  multiplier  M2.  The  voltage  signal 
is  given  to  the  oscillograph  after  amplification  in  the 
amplifier  Vg.  The  oscillograph  is  triggered  by  the  signal 
from  the'  Multiplier  Mg.  By  pick-up  of  the  signal  from 
the  ignition  device,  the  ignition  spark  is  written  on  the 
oscillograph  as  well.  On  the  screen  appear  therefore  the 
signals  sketched  in  the  figure.  By  means  of  the  retarder 
the  ignition  spark  can  be  moved  to  any  point  of  time.  The 
zero  adjustment  of  the  retarder  is  given  by  the  point  of 
time  when  ignition  impulse  and  exposure  time  coincide. 

_7 

The  exactness  of  the  triggering  is  better  than  10  s. 

_7 

The  reproducibility  of  the  moment  chosen  is  also  10  s. 

This  was  controlled  by  means  of  the  multiplier  Mg  before 
and  after  the  exposure  of  the  plate. 

Oscillations  of  the  revolving  disc,  which  would  cause  an 
increase  of  the  exposure  time,  could  not  be  observed. 
Oscillations  in  direction  of  the  disc  axis  are  avoided  by 
a  special  form  of  the  disc.  Oscillations  in  radial  direction 
are  being  compensated,  since  the  same  slit  is  used  for 
trigger  impulse  mad  exposure  impulse. 


A  possible  deformation  of  the  slit  caused  by  the  eentri- 
fugal  force  due  to  the  high  revolution  frequency  was  not 
observed.  The  exposure  signal  of  the  multiplier  M2  which 
was  obtained  for  high  and  low  revolution  frequencies 
had  always  the  same  shape. 

The  spectra  were  taken  on  Kodak  I-O-plates. 

4)  Results  of  the  Short-time  Spectrosoopy  with  a  Slow  Impulse 

The  series  of  spectra  shown  in  fig.  24  was  produced  with 
the  aid  of  tho  shutter  for  short  exposure  times.  The  current 
rise  time  of  this  discharge  was  25/us,  the  exposure  time  in 
eaoh  oase  0,1/ua.  The  "slow"  impulse  was  used  as  it  allows 
am  easier  observation  of  the  time-dependent  variation  of  the 
epeotral  lines. 

For  several  lines  this  variation  can  be  olearly  recognized. 
In  fig.  24  (after  2*5yus)  praotioally  only  I  I  •  lines  are 
observable  which  become  longer  with  timei  this  lndloates 
the  expansion  of  the  discharge.  In  the  seoond  spectrum  N  II- 
llnes  appear  and  also*  very  weakly*  N  Ill-lines  which  beooue 
stronger  with  time.  Il^ua  after  Ignition  the  maximum 
temperature  is  reached.  From  then  on  the  intensity  of  the 
1  III  -  lines  decreases  again  and  after  25/us  they  disappear 
completely.  From  the  time  integral  speotrum  (1/300  s)  ws 
gather  that  the  main  intensity  is  due  to  the  H  II  -  lines 
and  partly  also  to  oopper  lines.  In  comparison*  the  N  III  - 
line 8  which  are  visible  for  a  short  time*  are  suppressed. 

s)  Comparison  to  results  with  a  "fast"  impulse. 

f 

Fi*.  25  skews  a  comparison  of  the  speotra  at  the  moment  of 


maximum  temperature  of  the  discharge  of  1 , 5 yue  rise  time  and 
100  kA  maximum  ourrent  and  a  discharge  of  25/us  rise  time 
and  50  kA  maximum  ourrent.  In  the  speotrum  of  the  fast  dischar¬ 
ge  (fig.,  25a)  one  clearly  reoognizes  various  zones:  the  hot 
core,  whioh  is  indioated  by  the  N  IV  -  lines,  then,  surround* 
ing  it,  a  shell  with  predominant  emission  of  N  III  -  lines 
whioh,  for  their  part,  are  surrounded  by  a  shell  of  pre¬ 
dominant  H  II  -  emission.  The  slow  discharge  (fig.  25  b) 
does  not  reach  the  high  temperature!  therefore,  no  V  IV  -  liams 
are  to  be  seen.  The  core  emits  only  weak  N  III  -  lines,  the 
main  intensity,  however,  lies  in  the  N  II  -  lines.  This  is 
dealt  with  more  comprehensively  by  Schneider  (1961). 

Prom  this  structure  of  the  discharge  channel  a  temperature 
profile  can  be  smloulated.  The  intensity  of  a  speotral  line 
is  given  by: 

I  *»  const.  N  e“E/k^ 
with  V  ■  particle  density  and 
£  *  excitation  energy. 

N  may  be  taken  from  publications  already  known  such  as  for 
instance  W.  Finkelnburg  and  H.  Macker  (1956)  or  W.  Zimmer- 
mann  and  H.J.  Kaeppeler  (1961)  and  one  obtains  the  relative 
intensity  variation  dependent  on  the  temperature.  This  was 
done  for  the  following  three  lines:  N  II  ■  3995  &,  N  III 
>  4097  %  and  N  IV  *  40  58  &|  the  curves  which  are  normalized 
for  maximum  intensity  are  represented  in  fig.  26.  On  the 
side  of  the  low  temperatures  the  curves  decrease  rapidly, 
jf  one  assumes  that  a  spectral  line  disappears  if  the  inten¬ 
sity  is  reduosd  by  a  faotor  of  100,  there  results  only  a 
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•mall  uncertainty  in  the  temperature  due  to  the  mentioned 
high  slope.  The  temperature  profile  of  the  impulse  of  1,5/us 
rise  time  at  the  moment  of  maximum  temperature  (0,6/us  after 
ignition)  is  represented  in  fig. 27.  The  limits  of  error  are 
given  by  the  vertioal  strokes*  By  means  of  extrapolation 
one  obtains  an  asls  tempera tare  of  aboat  #5  000  °K. 


Fig.  15  Quarz -Prism-Spectrograph 


*9  Id  3-PHsm-Spectrograph 


Fig.  19  Imaging  on  the  Entrance  Slit 


parallel 


Triggering 


Fig.  23  Synchronization  of  the  Short-time  shutter 
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Pig,  24  Spectrum  of  the  Pulsed 
Discharge  at  different  times 


Pig.  25a 

Spectrum  of  the  "Past"  Impulse 


Pig.  25b 

Spectrum  of  the  "Slow"  Impulse 
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}V.  Vacuunspeotrosoopy 


In  high  density  plasmas  the  maximum  intensity  of  the 
continuous  radiation  moves  to  the  range  of  shorter  wave¬ 
lengths.  On  one  hand  this  is  oaused  by  the  appearanoe  of 
higher  ionization  degrees ,  on  the  other  hand  by  the  shift 
of  the  maximum  of  the  blaok-body  radiation.  Under  suitable 
conditions,  which  in  our  impulses  were  partly  fulfilled, 
this  goes  down  to  the  vacuum  Ultra-violet  region.  There¬ 
fore,  it  aeems  sensible  to  investigate  the  femoral  facili¬ 
ties  of  the  vaouua  speotrosoopy. 

In  the  case  of  the  hydrogen  plasma  the  line  intensities 
are  quite  considerable  in  the  vacuum-UV.  For  instance  the 
Lymanwline  radiates  black  out  of  a  plasma  of  1  mm  thickness, 
17  000  °K  and  1  at.  These  are  about  the  conditions  which  are 
present  in  a  stationary  hydrogen  aro.  Another  characteristic 
of  the  Lyman-linea  which  can  be  used  for  the  measurements, 
is  the  following i  In  the  case  of  our  hydrogen  plasmas  a 
line  broadening  whioh  can  be  measured  by  means  of  the  vacuum 
spectrograph,  only  appears  at  a  pressure  of  about  10  at 
(in  the  visible  sone  already  at  1  at).  These  characteristics 
of  the  vacuum-UV  radiation  make  it  possible  to  investigate 
plasmas  of  high  density  and  temperature  in  this  way. 

In  order  to  be  able  to  carry  out  measurements  in  the  vacuum- 
UV  (400 <A<  1800  %)  in  hydrogen  plasmas,  several  relations 
between  the  various  plasma  oharaoteristios  suoh  as  conti¬ 
nuous  radiation,  line  intensities  and  temperature  must  be 
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The  following  curves  were  calculated  for  tbs  requirements 
of  the  experimenter! 

m)  The  absorption  ooeffioient  y  and  the  emission  coefficient 
t  of  the  continuous  radiation  as  functions  of  the  wave* 
length  X  with  the  reciprocal  temperatures  Q  *  0,1-  0,5  as 
parameters  (©  ■  [°K~1] ),  Pig.  28  and  29-  According 

to  Kramer-UnsOld  the  absorption  coefficient  per  cm  is 

Am  .  < 


**  'TIT  fi\ f 


dt) 


Ajl 


Ax 

m  y 


A 


4c  •  % 

+  VkT 


(ao) 


mc,h,e,e,k  »  hnown  natural  eons tents 
A  «  wavelength 

*  ionisation  energy 
T  •  temperature 
»  Gaunt -factor 
*t  -  1,2,... 

« 

■  member  of  neutral  atone  per  en* 

Bgj  was  determined  by  the  Saha  formula. 

Yor  optioally  thin  layers  the  emission  coefficient  1st 

<*1> 

B^(9)  ■  intensity  of  the  black-body  radiation  of 
temperature  T  and  for  the  wavelength 
The  emission  ooeffioient  was  calculated  this  way  negleot* 
lag  the  Gaunt-factor  and  without  H~  continuum 

as  its  oemtribtition  is  eomsidermhls  in  the  ml  ten-red. 
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i)  The  line  broadening 4  ^  for  the  Lyaan-Lines  L,*  and  Lfl 
as  functions  of  the  teaperature,  the  pressures  being 
10  and  100  at.  (Xxaaples  are  given  in  ?ig.  30  and  31). 
With  the  aid  of  the  "line  profiles"  froa  "Stark  broaden¬ 
ing  of  hydrogen  lines  in  a  plasaa  "  by  H.B.  Griea,  A.C. 
Kolb  and  K.Y.  Shen  (I960)  the  broadening  of  the  various 
Lyaan- Lines  (L»  and  Lg)  were  calculated  as  a  function  of 
the  teaperature.  It  is  obvious  that  an  essential  broaden¬ 
ing  of  the  Lg  ocorus  at  about  10  at.  In  the  ease  of  the 
the  broadening  does  not  appear  below  100  at. 


j  The  relative  line  intensity  of  the  Lyaan-lines  1^ ,  Lfi  and 
1  y  as  functions  of  the  teaperature.  The  absolute  intensi¬ 
ty  of  a  spectral  line  isi 


\  A  V—  A*  -»»  ■€  *" 

*  i.(X)  • 

■  transition  probability  n-*nQ 
01  «  nuaber  of  excited  atoas  in  the  state  a  par  oa^ 

7,1  #  »  nuaber  of  neutral  atoas  per  ca^ 

«  statistieal  weight  of  upper  tem 


(22) 


»  partition  function 

Since  and  h  •  O  do  not  depend  on  the  teaperature, 


one  obtains: 


ag  was  oaleulatsd  froa  the  Safes  fosanla  (Vig.  52) 
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for  the  experimental  Investigation  of  plasaae  in  the  UV 
region  (3  300  -  400  £)  we  use  a  Hilger  vacuum- grat ing-ep#o- 
trograph.  The  Instrument  operate*  escorting  to  the  lerim 
principle. 


Oat eat 


Reflection  grating  8  x  5  c» 

(at  the  same  time  5  700  1 images 

Imaging  aye tea) 


diameter  of  Rowland  3  a 
circle 

Dispersion  in  the  first  5.9  %/*m 
order 


For  the  evacuation  of  camera  and  spectrograph  two  rotary 
pumps  and  two  oil  diffusion  pumps  are  used. 

Pump  capacity  of  the  rotary  pumps  i  6  resp.  28  w?/h. 

Pump  oapaoity  of  the  oil  diffusion  pumps t  230  resp.  500  l/h 
The  scheme  of  the  vacuum  apparatus  is  represented  in  fig.  35. 
For  the  calibration  we  applied  two  methods i 
«<)  A  comfortable  calibration  method  up  to  1  850  %  is  the 
calibration  with  the  aid  of  an  iron  spark  speotrun. 

The  light  cones  into  ths  speotrograph  through  a  LiP- 
window.  The  iron  spark  burns  in  air  and  is  generated  by 
means  of  a  Puess  spark  gsnerator.  The  spectral  lines  of 
the  iron  spectrum  are  identified  with  the  aid  of  a  wave¬ 
length  table  and  layed  down  in  an  iron  atlas  (see  fig*  34). 
The  iron  atlas  oonslsts  of  9  pages. 

•)  If  a  calibration  over  the  entire  wavelength  range  of  the 
speotrograph  is  desired,  one  has  to  work  without  window, 
since  the  usual  window  materials  absorb  the  radiation 
from  a  certain  wavelength  on*  which  is  still  within  the 
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wavelength  range  of  the  spectrograph.  For  this  purpose 
a  low  pressure  discharge  vessel  was  developed,  which  is 
operated  by  means  of  high  voltage  impulses  of  1  hV 
(see  fig.  35  and  36). 


The  discharge  takes  place  in  Argon  gas  in  a  narrow  chains! 
and  is  being  contracted  at  the  sp.me  time  in  order  to  obtri/' 
a  higher  light  density.  The  gas  flow  in  the  discharge  ves¬ 
sel  is  constant.  By  means  of  a  pump  the  Argon  5m  e/.t  motel 

from  the  zone  between  the  discnarge  vessel  and  the  spectro¬ 
graph  slit,  in  order  to  retain  the  vacuum  in  the  spectro¬ 
graph.  - 

Thus  the  Argon  arc  spectrum  was  obtained  which  serves  as 
a  basis  of  an  Argon  line  atlas  (3  500  -  500  ft),  see  fig.  37. 

Investigations  in  the  Vacuum-UV  above  1  100  ft  can  be  carried 
out  by  means  of  a  iiF-window.  Belov;  this  wavelength  there  i 
no  material  which  is  penetrable  for  the  radiation.  Therefore, 
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on  apparatus  was  developed  (see  fig.  38  -  42)  which  allows 
the  spectrosooplo  investigation  of  the  high  pressure  arc 
without  window.  The  pressure  of  t  at  is  reduced  in  4  steps  to 
the  vacuum  of  the  spectrograph.  The  first  two  steps  of  the 
vacuum  sluice  are  evacuated  by  means  of  meohanic  pumps, 
the  last  two  steps  by  means  of  oil  diffusion  pumps.  Between 
the  fourth  step  of  the  vacuum  sluice  and  the  spectrograph 
there  is  a  valve,  which  allows  a  separation  of  the  pressure 
in  the  spectrograph  and  the  vacuum  sluice. 

The  valve  has  a  LiF-window  which  can  be  penetrated  by  the 
light  down  to  1.100  8.  Just  in  front  of  the  vacuum  sluice 
there  is  a  vacuum-tight  shutter  which  at  the  same  time 
serves  as  an  optical  shutter.  This  shutter  allows  different 
opening  times,  the  shortest  in  our  case  being  1  ms.  By  this 
it  is  possible  to  use  larger  diaphragms  without  affecting 
the  vacuum  in  the  spectrograph.  These  short  opening  times 
are  mainly  intended  for  impulse  plasmas,  for  the  triggering 
of  which  the  shutter  is  equipped  with  an  optical  setup.  The 
arc  which  is  to  be  investigated  side-on  burns  immediately 
in  front  of  the  shutter.  It  is  surrounded  by  an  Argon  coat, 
since  the  UV  radiation  passes  it  without  noticeable  absorp¬ 
tion  losses.  The  distance  arc-spec trograph  slit  is  23  cm. 

This  arrangement  allows  the  approximation  of  a  stigmatlc 
image  due  to  large  depth  of  focus  of  the  spectrograph.  The 
imaging  by  means  of  mirrors  was  not  carried  out  because  of 
the  high  reflection  losses. 


jsjr  ^  4  p  Q  tine  -n*e  logor.  geteilt  von  1  bit  1000,  Einheit  W  mm,  die  ondere 
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Vkkuum  Supply  for  the  Vkkuum 

Fig.  33 


v#  for  Calibration  with  the  A  rgon 
Spectrum 


Scheme  of  the  Stuice 
Fig.  3d 
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Pig.  41,42  Vacuum  Sluice 


-M. 

3E.  Evaluation  and  Disousalon  of  Experimental  Results. 

The  theoretical  problem  is  the  determination  of  the  behaviour 
of  the  plasam  oh— el  with  a  given  time  variation  of  the 
current . 

In  order  to  simplify  the  mathematical  problem,  the  experiment 
is  based  on  a  channel  model  (Sohrade,  1961 )•  This  model  has 
3  coaxial  zones  with  different  radii*  The  central  sone  is 
the  proper  plasma  zone  which  is  supplied  with  the  electric 
energy.  This  zone  is  expanding  and  by  this  effecting  a  change 
of  the  parameters  in  a  second  zone,  the  outer  limitation  of 
which  is  characterized  by  sound  velocity  x  time,  respectively 
shook  wave  velocity  x  time.  The  third  zone  is  the  undisturbed 
odd  gas  coat.  If  the  mathematical  equations  (1-3)  are  applied 
to  this  model,  we  obtain  instead  of  the  simultaneous  partial 
differential  equations  a  system  of  ordinary  differential 
equations.  This  allows  the  description  of  the  time-dependent 
behaviour  of  temperatures  and  particle  densities  of  the  indi¬ 
vidual  components,  as  well  as  the  channel  radius  (  =  radius  of 
the  central  zone).  Here  the  influence  of  the  outer  zones  is 
taken  into  consideration.  The  stability  behaviour  of  the 
discharge  channel  was  continuously  controlled. 

The  calculations  were  carried  out  on  an  electronic  oomputsr 
of  the  type  EH  56  (Standard  Electric  Lorenz). 

The  theoretioal  results  are  given  in  figures  44  a-b.  The 
lowest  curve  in  eaoh  figure  shows  the  eurrent  variation  on 
which  the  calculation  in  the  central  sons  is  based.  It 
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corresponds  to  the  ourrent  variation  found  by  means  of 
magnetic  probe  measurements  (see  fig.  43).  The  current 
maximum  is  about  6  kA.  We  tried  to  employ  a  curve  for  the 
current  variation  with  faster  increase  and  higher  maximum 
current.  The  initial  conditions  given  by  the  pre-disoharge 
were  retained.  However,  this  new  curve  yielded  discrepancies 
which  only  vanished  again  after  a  reduction  of  aasiaam 
current  and  rate  of  increase. 

These  mentioned  discrepancies  are  the  following!  If  maximum 
current  is  increased  beyond  a  critical  value  (larger  than 
approximately  10  kA),  the  calculations  yield  a  contraction  of 
the  plasma  channel  due  to  the  magnetic  forces.  At  the  same 
time  the  ohmic  part  of  the  electric  field  strength  increases 
rapidly.  Such  a  behaviour  is  not  deemed  possible  from  theore¬ 
tical  considerations  for  our  arrangement  and  was  also  never 
observed  experimentally  in  our  devios.  From  this  we  oonclude 
that  the  maximum  current  of  the  plasma  ohannel  must  not  be¬ 
come  larger  than  6-9  kA.  As  in  our  experiments  total  current 
intensities  of  50  to  150  kA  were  measured,  it  can  be  assumed 
that  the  major  portion  of  the  ourrent  had  to  flow  over  sur¬ 
rounding  zones. 

We  pretend  that  this  is  caused  by  the  generation  of  particle 
oarriers  outside  the  central  zone  by  means  of  photons  and 
wish  to  demonstrate  it  by  the  following  calculation*  The 
number  z  of  the  photoionisation  of  partislsa  is  the  quantum 
stats  n  is  according  to  Slwsrt  (1952) 


(24) 


Density  of  atoms  in  the  quantum  state  a 

tr 

“T 


cJ 


6J6.10*25  on2 


Main  quantum  number 

I^Fine-struoture  constant 

number  of  eleotrons  in  the  same  shall 


limiting  frequenoy 
uncertainty  factor  between  0,6  and  1 
dilution  factor 
ionisation  energy 


This  formula  was  derived  by  means  of  the  Planok  radiation 

hv 

intensity  in  the  Wien  approximation  exp.pf^  1.  Since  the 

s 

discharge  channel  is  a  blaok-body,  the  formula  is  applicable. 
Instead  of  the  radiation  temperature  T  we  put  the  electron 
temperature.  If  we  limit  outselves  to  the  zones  immediately 
surrounding  the  plasma  sene,  the  dilution  factor  V  has  the 
dimension  1 . 

Assuming  that  the  radiation  temperature  is  about  30  000  °K, 
as  this  is  oertainly  the  case  in  the  discharge  ohannel,  we 
obtain  the  number  0f  the  photoionizations  which  amounts  to 

TO  *  per  cnr  and  s,  provided  that  the  atomic  density  is  10 
particles  per  om^  (ionization  energy  of  nitrogen  atoms  =  14,5  eV, 
basio  state  a  -  2).  In  a  time  of  10  "6  e  whloh  ooraresponds 
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to  the  discharge  time  up  to  the  maximum  current  density, 
about  10  particles  are  ionized  by  means  of  radiation.  The 
particle  carriers  are  aooelerated  in  the  eleotrioal  field 
and  heat  the  outer  gas. 

The  upper  parts  of  fig.  44  a-b  show  the  ionization  degree, 
the  electron  and  ion  temperature,  the  ohmic  field  strength 
and  the  time-dependent  variation  of  the  radius  in  the  central 
zone.  It  can  be  seen  that  towards  current  maximum  the  latter 
increases  by  about  50  %.  The  electron  and  the  ion  temperatures 
only  differ  from  each  other  in  the  first  phase  of  the  dis¬ 
charge.  At  the  beginning  of  the  discharge  the  "ion  tempera¬ 
ture"  is  about  the  same  as  the  temperature  of  the  neutral 
gas  particles.  Both  temperature  curves  approximate  each  other 
quickly,  as  soon  as  the  heavy  particles  become  charge  carriers 
and  the  cross  section  of  the  Coulomb  foroes  gets  effective. 

From  about  0,8/us  the  temperature  remains  nearly  constant. 

However,  it  is  interesting  to  note  that  the  reaction  has  not 

-7  ++ 

yet  stopped.  Only  after  about  5-6*10  s  the  curves  for  N 
and  I+++  are  horizontal,  i.e.  the  reaction  equilibrium  is 
reached.  From  this  we  can  conclude  that  the  relaxation  time 
of  the  ionization  reactions  is  approximately  10“®  a  whioh 
corresponds  to  the  estimation. 

Furthermore,  it  is  remarkable  that  only  a  small  percentage 
of  the  Joule an  heat  expended  in  the  plasma  channel  is  used 
for  the  heating.  Table  2  shows  how  the  Joulean  heat  which  is 
put  into  the  electron  gas,  ia  distributed  over  the  various  loss 
msohanisns. 
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al  alas&sa  ULlg  Mitfftal 


fine  10“7  •  10'6  ■ 


Input  (Joule)  energy 

anerflp  losses  oansed  If  t 

100  * 

100  * 

Badiation 

23  t 

94  % 

Inactions 

66  % 

5,4  * 

Boat  exchange 

10  i 

0.1  * 

Volume  work 

0,2  * 

0,3  * 

Heat  conduction 

0,1  * 

0,2  * 

For  further  heating  remains 

1  * 

0  * 

After  10"7  a,  i.a.  the  highest  temperature  increase,  the  re- 
sot Ion  losses  are  dominating,  followed  by  the  radiation  losses 
(23  ft)  and  the  energy  losses  by  heat  exchange  (10  Jt).  After  10~*  s 
the  temperature  increase  stops.  The  radiation  can Bums s  most  of 
the  energy,  for  the  reactions  remain  only  3,4  %•  As  can  be 
seen  from  our  speotroseople  measurements,  the  discharge 
channel  is  nearly  a  black-body.  This  is  tarns  for  all  elements 
with  higher  atomic  number. 

The  pressure  in  the  oemtral  a«M  amounts  to  about  10  at. 

This  is  due  tot 

1.  the  aagaetio  compression 

t.  the  inertia  of  the  outer  gas  whieh  was  osmsldored  In  omr 
model  as  boundary  condition. 

The  result  of  our  calculation  is  a  maximum  temperature  of 
63  000  °K.  This  temperature  does  not  depend  such  on  the 
changes  in  the  glTon  curve  Z  (t),  provided  that  there  are  no 
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discrepancies  In  the  calculation  itself.  Our  prohe  measure - 
asnts  indicate  axis  temperatures  between  80  000  and  90  000  °K| 
The  speotroscopio  measurements  described  above  give  the  earns 
axis  temperatures  of  6$  000  °K,  which  we  have  calculated. 
However,  as  the  Saha  equation  is  applied  and  a  reaction  equi¬ 
librium  does  not  exist,  these  temperatures  seem  to  be  too 
low,  especially  near  the  axis,  so  that  the  ooiaoidemoe  with 
the  theoretloal  calculation  is  only  oasual.  70  -  60  000  *K 
are  estimated  te  he  the  most  probable  values. 
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4.  The  Hydrogen  Heating. 

The  theoretical  investigation  of  the  discharge  process 
in  hydrogen  is  dealt  with  comprehensively  in  a  separate 
paper,  which  will  he  submitted  shortly  as  a  technical 
note  by  H.  Schrade  (1963).  The  following  gives  some  general 
information  on  the  calculations  made. 

The  starting  point  of  the  heating  is  a  nearly  fully  ionized 
arc  channel,  while  in  the  case  of  nitrogen  the  ionization 
degree  was  only  10  $.  During  the  heating  process  we  must  not 
take  care  of  radiation  or  any  reactions  between  the  various 
ionization  degrees.  The- limitation  of  the  heating  process 
is  not  due  to  loss  mechanisms  but  to  the  instabilities  of 
the  discharge  channel  which  are  caused  by  the  strong  proper 
magnetic  field  and  the  lower  inertia  of  the  outer  gas.  This 
brings  about  considerable  difficulties  which  are  not  found 
in  case  of  the  nitrogen  experiment. 

Our  calculations  were  performed  for  current  rises  to  10^  A 
in  1/us  and  10'  A  in  1,5/us.  In  the  first  case  the  theoreti¬ 
cal  electron  and  ion  temperatures  amounted  to  170  000  °K. 

In  the  second  case  there  appear  heavy  instabilities  at  less 
than  10  1  s  after  starting  the  discharge.  At  this  moment  the 
temperature  in  the  discharge  channel  amounts  to  3*10'  K. 
Since  the  Instabilities  imply  an  expansion  of  the  discharge 
cross  section,  a  noticeable  temperature  increase  beyond  this 
value  should  not  be  possible. 

As  compared  to  the  nitrogen  impulse  the  hydrogen  impulse 
above  a  low  radiation  loss.  Here  the  slsotroa  heat  ooaducti- 
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vity  la  daciaiva.  At  high  current  lntanaltlaa  it  la  possible 
to  reduca  the  heat  conductivity  by  naana  of  the  proper  mag¬ 
netic.  field  of  the  arc.  However ,  this  fact  can  not  be  ob¬ 
served,  as  the  sent ions 4  instabilities  de  not  allow  the 
necessary  heating. 

The  theoretically  predicted  instabilities  are  proved  experi¬ 
mentally.  The  instable  behaviour  complicates  the  measurements. 
Up  to  date  they  have  made  it  impossible  to  give  an  adequate 
quantitative  description  of  the  hydrogen  impulse.  Neverthe¬ 
less,  certain  stages  of  this  instability  are  rather  attractive, 
though  they  are  not  reproducible.  At  the  moment  we  try  to 
confirm  this  behaviour  with  the  aid  of  image  converters, 
smear  and  framing  cameras.  Pig.  45  a,b,o,d,c  show  five 
different  stages  of  the  hydrogen  impulse  discharge  at  0,1, 

0,3,  0,5,  1,3  and  1,6/us  after  the  beginning  of  the  discharge 
as  registered  by  an  image  converter.  The  opening  time  of 
the  image  converter  was  about  50  ns.  The  stationary  pre¬ 
discharge  was  not  registered  owing  to  the  low  radiation 
intensity  of  the  arc. 

The  first  stage  of  the  impulse  discharge  (at  0,1/us),  which 
corresponds  to  a  current  of  13  kA,  only  causes  a  slight 
blackening  of  the  film.  It  can  be  seen  that  the  channel  is 
already  rather  deformed  which  corresponds  to  theory.  The 
increase  rats  of  the  instabilities  grows  rapidly  after  0,04yitp 
if  we  assume  a  current  rise  of  approximately  1011  A/s. 

During  the  heating  process  the  plasma  contracts  more  and 

•ore  and  apparently  becomes  a  plasms  ball.  If  the  lunlaauo 
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zones  are  the  current  oarrying  zones,  this  contraction  m ay 
perhaps  he  expMned  by  tie  arngnetto  fwow  e f  the  erlgtsslly 
screw-shaped  plasaa. 

In  order  to  Investigate  this  behaviour,  other  diagnostio 
methods  were  applied,  for  Instance  smear  oanera  photography. 
These  show  the  expansion  of  the  discharge  and  cloud-shaped 
intensity  fluctuations,  which  correspond  to  the  screw  lines 
in  fig.  45  a-o.  A  plasma  ball  could  not  be  isolated  on  these 
photographs.  However,  the  experimental  material  la  not  yet 
sufficient  in  order  to  allow  final  statements. 


I  *  I 
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Fig.  46+ Current  Density  j  and  Electrical  Power  h  *J'E^gs  a 
Function  of  Time  with  Given  Current  J(t ) 


Rg.43  Radial  Currant  Distribution  Measured  by  Means  of  Probes 


t 


t  M 


f'ig.  45  Photographs  taken  with  an  Image 

Converter  0,1;  0,5;  0,5;  1,5;  1,6  #xh 
after  the  ignition  of  the  Impulse. 
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